Survival of all animals depends on effective protection against infection. In Drosophila, opportunistic infection kills larvae if they lack the Rel/NF-B proteins Dorsal and Dif. We have used tissue-specific expression of Dif and Dorsal to reveal that these Rel proteins act in three different tissues to defend larvae from infection. Dif and Dorsal act in circulating blood cells, where they are required autonomously to promote blood-cell survival and phagocytosis of microorganisms. We show that a major transcriptional target of Dorsal and Dif in blood cells is Drosophila IAP1, a gene protecting these cells from death. We find that in addition to their autonomous role in blood-cell survival, Dif and Dorsal also act in the fat body to produce factors that promote blood-cell viability. These Rel proteins act in the epidermis to prevent infection by maintaining a barrier to microbial entry. Dorsal or Dif in any one of the three tissues is sufficient to defend the animal from opportunistic infection. Thus Drosophila has a multi-pronged system of defense and each branch of this network requires Rel proteins. Based on similarities between Drosophila and mammals, we propose that a Reldependent network is an ancient and robust framework of animal immune systems.
Introduction
Mammals, insects and plants all use multiple, parallel strategies to avoid infection by the thousands of potential pathogens they encounter daily. In mammals, the mechanisms that defend against infection include anatomical and physiological barriers, as well as specialized immune tissues and immune cells. This complex group of organs and cells constitutes the body's natural defense and it is termed the immune system. Within the immune system, specialized immune cells such as circulating hematopoietic cells recognize and kill pathogens. Hematopoietic, epithelial and hepatic cells secrete humoral components that inhibit microbial growth and attract immune effector cells to the sites of infection. The components of the mammalian immune system define an interactive, mutually supportive and tightly regulated network that provides robust host defense. Although multiple tissues participate in the execution of the immune response, they all depend on signaling through the Rel/NF-B family of transcription factors (Pasparakis et al., 2006; Schmidt-Ullrich et al., 2001 ). Thus, Rel proteins represent the molecular lynchpin in the mammalian host defense (Caamano and Hunter, 2002; Hayden et al., 2006) .
In Drosophila, as in mammals, several tissues protect the animal from infection. In the larva, hemocytes (also called blood cells) have a central role in the defense against microbial infection (Braun et al., 1998; Defaye et al., 2009; Matova and Anderson, 2006) . The vast majority of the hemocytes are phagocytic cells that rapidly and effectively remove microbes from circulation. The systemic humoral response in Drosophila is mediated primarily by the fat body (the liver analogue), which secretes antimicrobial peptides into the hemolymph in response to infection in both the larva and the adult (Lemaitre and Hoffmann, 2007) . In addition, epithelial cells can express antimicrobial peptide genes as a local response to infection (Ferrandon et al., 1998; Onfelt Tingvall et al., 2001; Tzou et al., 2000) .
Three Rel proteins, Dorsal-related immunity factor (Dif), Dorsal (Dl) and Relish, play central roles in the regulation of the Drosophila immune response. Relish is required for the production of most of the antimicrobial peptides in the larvae, but the cellular immune response appears to be normal in Relish mutants (Choe, 2002; Hedengren et al., 1999; Lu et al., 2001) . Dif and dorsal (dl) single mutant larvae do not show defects in either the humoral or the cellular immune response. However, Dif dl double mutant hemocytes have a high rate of cell death and are unable to clear ingested microbes (Matova and Anderson, 2006) . As a consequence of hemocyte death and defective cellular immune response, Dif dl double mutant animals die as larvae as a result of opportunistic infection.
Although multiple tissues in Drosophila participate in the defense against pathogens, it is not clear whether immune responses are coordinated among different tissues and whether these tissues form an interdependent network that could be called an immune system. Research in this area has been focused primarily on the possible instructive role of the blood cells in regard to the immune responses in the fat body. Blood cells appear to perform this role by producing cytokine-like molecules that in turn promote an immune response in the fat body. For example, blood cells secrete a JAK/STAT pathway ligand (Unpaired3) after septic injury, and this cytokine induces the production of stress proteins in the fat body (Agaisse et al., 2003) . Analysis of mutants has shown that blood cells are required for the normal induction of the antimicrobial peptide gene Defensin in the fat body after septic injury (Brennan et al., 2007) and for the induction of several antimicrobial-peptide genes after natural infection (Basset et al., 2000; Dijkers and O'Farrell, 2007) . However, other possible interactions between immune-responsive tissues have not been investigated.
In this study, we used tissue-specific expression to test whether there are coordinated immune interactions among three different immune tissues in the Drosophila larva. Previously we showed Dif and Dl act in circulating blood cells to promote their survival and to prevent opportunistic infection (Matova and Anderson, 2006) . Here, we establish that a key target of these Rel proteins in hemocytes is the Drosophila IAP1 (diap1; also known as thread, th), a gene with a crucial role for cell survival in Drosophila (reviewed by Steller, 2008 ). We also demonstrate that Dl and Dif play a role in host defense in two other larval tissues. We show that expression of Dif and Dl in the larval fat body is important for host defense through regulation of blood-cell number. We also find that Dl acts in the epidermis, where it prevents infection by maintaining the proper barrier to the environment. Thus, Rel proteins are active in these three distinct immune tissues and control a coordinated network that mediates host defense and maintains immune homeostasis in Drosophila.
Results

Autonomous Dif or Dl activity promotes blood-cell survival through positive regulation of diap1
Previously we showed that more than 95% of Dif dl double mutant animals die during larval stages due to opportunistic infection by bacteria and fungi from the environment (Matova and Anderson, 2006) (Table 1) . Defects in blood cells are a primary cause of infection and death in these animals: blood-cell number is reduced due to a high rate of cell death, and the surviving blood cells are abnormal in morphology and fail to phagocytose microorganisms (Matova and Anderson, 2006) (Fig. 1B,C) . We used the UAS/GAL4 system to perform tissue-specific rescue experiments and showed that expression of either Dif or dl in Dif dl hemocytes rescues hemocyte number, morphology and function, prevents infection and allows survival to adulthood (Matova and Anderson, 2006) . For example, when Peroxidasin-Gal4, a line that directs expression in the majority of the hemocytes but not in any other tissues (Stramer et al., 2005 ) (Materials and Methods) was used to express either Dif or dl in double mutant larvae, approximately 50% of Dif dl animals that carried UAS-Dif or UAS-dl survived to adulthood ( Table  1 ). As observed with other blood-cell drivers (Matova and Anderson, 2006) , hemolymph samples from these larvae were microbe-free, the morphology of the blood cells was normal (Fig. 1D) and hemocyte numbers approached the number in wild-type larvae (Table 1) .
There are no known transcriptional targets of Dl or Dif in blood cells. Previously we have shown that Dl and Dif are required for blood-cell survival (Matova and Anderson, 2006) : 15% of the hemocytes in third instar Dif dl larvae are TUNEL-positive, compared to 2.3% of hemocytes in wild-type larvae. Because of the potent anti-apoptotic activities of Dl and Dif and because diap1 is the principal negative regulator of apoptosis in somatic cells (Steller, 2008) , we investigated whether Dif and Dl regulate diap1. We first tested whether constitutive expression of diap1 in Dif dl mutants could modify the Dif dl mutant phenotype. To that end, we expressed UAS-diap1 in the hemocyte lineage of Dif dl mutants using a Hemese (He)-Gal4 driver. 38.5% of these animals survived to adulthood compared with 6.7% of Dif dl animals that carried only one transgene (He-Gal4 without UAS-diap1). Hemolymph samples from Dif dl animals that expressed diap1 under the control of He-Gal4 showed that the hemocyte morphology was similar to that of wild-type hemocytes (Fig. 1E ). The rescued larvae had only occasional microbes and their hemocyte numbers were four times higher than unrescued Dif dl animals ( (Ryoo et al., 2002) showed predominantly cytoplasmic distribution of DIAP1 in wildtype hemocytes ( Fig. 2A) . DIAP1 protein was severely reduced or undetectable in Dif dl hemocytes (Fig. 2B ). By contrast, there was a robust DIAP1 expression in the fat body of Dif dl larvae (not shown). Thus, DIAP1 is specifically downregulated in Dif dl blood cells.
To test whether diap1 is a transcriptional target of the Rel proteins in blood cells we employed a diap1 enhancer trap, th j5c8 P{lacZ}, that has been used previously to monitor diap1 transcription in the Journal of Cell Science 123 (4) Hemocyte number is the average cell count from six animals of the indicated genotypes. UASp-dl or UAS-Dif line were expressed under the control of the corresponding Gal4 driver at 25°C. Crosses that use hs-Ga4 were performed at 25°C, i.e. without heat shock.
Adult survival was determined by counting 200-800 total progeny in each experiment and percentage survival was calculated by comparing the survival of Dif dl mutants that carried both the UAS and Gal4 transgenes to the number of Dif dorsal/++ heterozygous siblings from the same cross (defined as 100%). The percentage of survival is represented as the weighted average of at least ten different crosses and is thus normalized for differences in culturing conditions. Infection status was determined by counting the number of microbes in a standard microscope field: +++, ~10 5 microbes per animal; +, less than 10 2 microbes per animal. Wild-type hemolymph samples have no microbes.
ND, not determined; BC, blood cells; LG, lymph glands; hs-Gal4, heat shock-Gal4; Pxn-Gal4, peroxidasin-Gal4; He-Gal4, Hemese-Gal4.
wing imaginal disc (Ryoo et al., 2002) . Anti--galactosidase (-Gal) labeling revealed a nuclear staining in wild-type hemocytes carrying the enhancer trap (Fig. 2C ). The nuclear staining reflects the presence of a nuclear localization signal in the P{lacZ} vector. By contrast, in Dif dl hemocytes that carried the reporter enhancer trap, the nuclear staining was greatly diminished (Fig. 2D ). We quantified diap1 transcription by measuring pixel intensity of nuclear -Gal fluorescence in wild-type and Dif dl hemocytes. The measurements showed that expression levels of diap1 were 5.8-fold lower (P4.4ϫ10 
Dif and Dl activity in the fat body can regulate hemocyte number
To test whether the roles of Dif and Dl in immunity could be explained exclusively by their functions in blood cells, we examined the effect of expressing Dl or Dif in other immune-responsive tissues. We assayed survival to adulthood, presence of infection in hemolymph samples, hemocyte numbers and hemocyte morphology. We first focused on the fat body, a major immune organ in the Drosophila larva (Lemaitre and Hoffmann, 2007) . To test the contribution of Dif and Dl in the larval fat body, we expressed UAS-Dif or UASp-dl in Dif dl animals using the Lsp2-Gal4 driver, a line that drives expression only in the fat body (Cherbas et al., 2003) (and our data). Forty to forty-five percent of the Lsp2-Gal4-rescued Dif dl double mutants survived to adulthood and their hemolymph samples had only few microbes, compared with the rampant infection in Dif dl siblings (Fig. 1F ,G, Table 1 ). Thus, expression of either Dif or dl in the fat body protected the double mutant larvae from infection.
Because blood cells play a central role in the ability of larvae to fight infection, we examined the hemocyte number and morphology in the fat body-rescued Dif dl animals. Expression of either Dif or dl in the fat body increased the number of circulating hemocytes in Dif dl mutants nearly fivefold, to about 60% of wild-type numbers (Table 1) .
As described above, 15% of the hemocytes in third instar Dif dl larva are TUNEL-positive (Matova and Anderson, 2006) . By contrast, only 5.8% of the hemocytes in Dif dl larvae that expressed dl in the fat body were TUNEL-positive (supplementary material  Table S1 ). When normalized to the total number of hemocytes (supplementary material Table S1 ), the percentage of TUNELpositive cells in Dif dl larvae that expressed dl in the fat body is nearly threefold lower than in Dif dl mutants alone. The rescued hemocytes did not express Dl protein (supplementary material Fig.  S2 ), indicating that Rel proteins in the fat body acted in a nonautonomous manner to promote survival of blood cells. The morphological abnormalities of Dif dl mutant hemocytes were not fully rescued by the expression of the Rel genes in the fat body: most hemocytes were irregular in shape and had a meshwork of cytoplasmic filamentous actin, like unrescued Dif dl blood cells (Fig.  1C,F,G) . These observations indicate that a fat body-derived factor promotes survival of blood cells but cannot rescue a cellautonomous requirement for Rel proteins in maintenance of bloodcell morphology.
There are no obvious candidate genes that would encode the factor(s) made by the fat body and protecting blood cells. Expression of diap1 exclusively in the fat body with the Lsp2-Gal4 driver did not rescue either blood-cell number or survival to adulthood (Table  1) . Because antibiotic treatment can protect Dif dl mutant larvae from infection (Matova and Anderson, 2006) , it was possible that the antimicrobial peptides secreted by the fat body (Lemaitre and Hoffmann, 2007) might increase the likelihood of blood-cell survival. Although we previously demonstrated that Dif dl mutant larvae induce all of the major antimicrobial peptide genes (Matova and Anderson, 2006) , Defensin (Def) was the only antimicrobial peptide whose induction after septic injury was significantly reduced in the double mutants, and was expressed at about 30% of the levels present in the wild type. Among the antimicrobial peptides, Def appears to have the most potent activity: constitutive expression of Def confers resistance to Gram-positive bacteria in immunocompromised adults (Tzou et al., 2002) and to Pseudomonas, a Gram-negative bacterium in wild-type adult Drosophila (Apidianakis et al., 2005) . To test whether Def could protect Dif dl larvae from infection, we used the fat body-specific Lsp2-Gal4 driver and the hemocyte-specific He-Gal4 driver to express UAS-Def. Real-time PCR experiments showed that there was twice the level of Def in Dif dl larvae that expressed Def with the fat-body driver and five-fold more Def in double mutants that expressed Def with the blood-cell driver, compared with infected wild-type animals (Fig. 3A) . High levels of Def expression did not significantly increase the number of blood cells ( Table 1 ), indicating that Def is not the blood-cell survival factor. Expression of Def increased the likelihood of survival to adult stages only slightly (8% vs 4.4% survival) (Table 1 ) and did not prevent infection in most animals (five out of seven animals examined were infected; Fig. 3B ). Even in those animals in which the infection load was reduced, the morphology of the blood cells was as abnormal as in the Dif dl mutant siblings. Thus, despite the potent activity of Def in adult animals, overexpression of Def was not sufficient to protect Dif dl double mutant larvae from opportunistic infection and Def is not the Rel-dependent fat-body factor that promotes hemocyte survival.
Rel protein activity in the epidermis protects from infection
In addition to hemocytes and the fat body, the larval epidermis is another immune organ that provides a mechanical barrier to infection and also expresses antimicrobial peptides that could defend the animal from invading microbes (Onfelt Tingvall et al., 2001 ). We observed that Dif dl larvae had obvious defects in the epidermis: 70% of the double mutants exhibited melanized spots of variable size and location throughout the epidermis ( Fig. 4B ; supplementary material Table S2 ), whereas only 5.5% of the wild-type larvae had detectable epidermal defects (supplementary material Table S2 ). These spots did not clear and persisted throughout the life of Dif dl larvae. To look more closely at the structure of the larval epidermis in wild-type and in Dif dl animals, we marked the epidermal cells with GFP::actin and DAPI. This examination revealed that the global organization of the epidermis was similar in wild-type and Dif dl animals (Fig. 4C,D) . Confocal scanning microscopy through the melanized lesions in Dif dl larvae showed that the lesions spanned the entire epidermal layer and did not have detectable GFP::actin or DAPI fluorescence (Fig. 4F) .
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The melanized-spot phenotype of Dif dl larvae was rescued by expression of dl in the epidermis with e13C-Gal4, a line that drives strong expression in the epidermis but not in hemocytes or in the fat body (supplementary material Table S2 ). Thus, Dl is required autonomously in larval epidermal cells to prevent epidermal lesions. Because expression of UAS-Dif with the e13C-Gal4 caused lethality in both the wild-type and Dif dl mutant background, the effect of Dif expression in the epidermis of Dif dl mutants could not be assayed.
To test whether dl in the epidermis protects the larva from infection, we examined hemolymph samples of Dif dl mutants that expressed dl with the e13C-Gal4 line. Although a few bacteria were still detectable inside hemocytes (Fig. 1HЈ, arrow) , no microbes were seen in the hemolymph of these animals. Nevertheless, the number of circulating blood cells in these larvae remained as low as in unrescued Dif dl double mutants (Table 1) and these blood cells retained the abnormal morphology seen in Dif dl double mutant larvae (Fig. 1H) . Epidermal expression of dl improved the rate of survival of Dif dl mutants to the third instar larvae, but these animals arrested at the onset of metamorphosis and did not survive to adult stages. We conclude that Rel protein activity in the epidermis protects larvae from microbes in the environment without affecting the number or the morphology of blood cells.
Discussion
In this study we show that Rel proteins in three different tissuesthe epidermis, the circulating blood cells and the fat body -protect Drosophila larvae from microbial infection. These functions of the Drosophila Rel proteins have close parallels to the functions of the mammalian Rel proteins in immune-responsive tissues that form the backbone of the vertebrate host defense.
Rel activity in blood cells and in the fat body controls hemocyte numbers
Because circulating phagocytic cells play an essential role in the clearance of microbial infection in the Drosophila larva, maintenance of correct number of healthy hemocytes is crucial for the survival of the animal. We find that two Rel proteins, Dl and Dif, function both in hemocytes and in the fat body to promote hemocyte survival. Even though the mechanisms of blood-cell protection are different, these results revealed that the immuneresponsive organs in Drosophila interact and form a mutually supportive network. This conclusion is further strengthened by earlier findings indicating that signals from blood cells can stimulate production of antimicrobial and stress peptides in the fat body (Agaisse et al., 2003; Basset et al., 2000; Brennan et al., 2007; Dijkers and O'Farrell, 2007) . Thus there appear to be bidirectional signals between the fat body and the blood cells that coordinate host defense responses in Drosophila larvae.
Our experiments identified diap1 as the first target of Dl and Dif in Drosophila blood cells. Dif and Dl autonomously promote hemocyte survival and diap1 is likely to be their principal target, as hemocyte number, hemocyte morphology and survival to adulthood of Dif dl double mutants can be rescued to nearly the same extent by expression of diap1 in the hemocyte lineage as when Dif or dl is expressed in those cells.
Mammalian blood cells also rely on Rel proteins to prevent apoptosis: c-Rel RelA double mutant hematopoietic progenitors cannot rescue lethally irradiated wild-type mouse hosts, and the double-mutant macrophages have a high rate of apoptosis (Grossmann et al., 1999) . The parallels with mammals extend further: just as Drosophila Rel proteins regulate the expression of the inhibitor of apoptosis DIAP1 in blood cells, mammalian Rel proteins control the expression of homologous molecules such as c-IAP and XIAP (Karin and Lin, 2002) .
Our analysis revealed a previously unsuspected role of the fat body in controlling the number of blood cells. The results suggest that Dif and Dl in the fat body protect the animal from infection because they regulate blood-cell number and not because they are required for the production of antimicrobial peptides. Although it is conceivable that a particular cocktail of Rel-controlled antimicrobial peptides made in the fat body prevents blood-cell death, it is unlikely, given that the peptides are expressed in Dif dl larvae (Matova and Anderson, 2006) and that overexpression of Def has no effect on blood-cell survival (Fig. 3) . Instead, we propose that Dl and Dif in the fat body control the production of survival factors that are released into the hemolymph. It is known that the fat body secretes a family of proteins that promote survival or proliferation of imaginal disc cells in a concentration-dependent manner (Kawamura et al., 1999) and these growth factors, or other unidentified factors, might also be active on blood cells.
Just as Rel protein activity in the Drosophila fat body provides factors that promote survival or proliferation of blood cells, the mammalian liver (the analogue of the fat body) secretes growth factors such as the hepatic growth factor (HGF) and interleukin-7 that act as survival and proliferation molecules for blood cells (Sawa et al., 2009; Sugiura et al., 2007; Yu et al., 1998) , although it is not known whether Rel proteins directly regulate their production.
Distinct functions of Rel proteins in blood cells and the epidermis protect the animal from infection
The opportunistic microbial infection in Dif dl hemolymph can be rescued by expression of Dif or Dl in either the blood cells or in the epidermis. Expression of dl in the epidermis of Dif dl animals does not affect hemocyte number, morphology or ability to phagocytose bacteria; nevertheless, dl expression in the epidermis is sufficient to protect the animal from microbial infection. Hence, these two tissues have different roles in host defense -the blood cells remove microbes from circulation whereas the epidermis prevents entry of microbes into the animal -but both rely on Rel proteins for their immune functions.
The function of the Rel proteins in the epidermis is not clear. It is possible that the lesions in the epidermis of Dif dl larvae are the result of a developmental defect. Alternatively, because each animal has only one or a few epidermal lesions and their location varies, we prefer the hypothesis that epidermal gaps arise because of defective healing of wounds that occur normally in the life of the larva (Brock et al., 2008) . In addition, Rel signaling in epidermal cells might help to prevent infection by local expression of products with antimicrobial activity (Onfelt Tingvall et al., 2001) .
The epidermal function of Drosophila Rel proteins might also parallel Rel functions in mammals, as mice that lack both RelA and c-rel have defects in epidermal development and immune homeostasis (Gugasyan et al., 2004) . In agreement with these findings, expression of a dominant negative IkBa transgene in the epidermis of the mouse, which should block activity of several Rel proteins, causes progressive skin disease and a strong local inflammatory response (van Hogerlinden et al., 2004) . However, future experiments that involve conditional inactivation of essential Rel family genes might provide a definitive assay for the function of Rel proteins in the mammalian epidermis.
An evolutionarily conserved network of Rel-dependent responses prevents infection
It is striking that, as in mammals, host defense in Drosophila depends on Rel proteins in multiple tissues, although it is likely that the Rel transcriptional targets are different in each tissue. These parallels with the mammalian immune response suggest that the action of Rel proteins in multiple tissues was selected early in metazoan evolution as a mechanism to provide a robust immune network that effectively prevents microbial infection. Future studies on the tissue-specific targets of Rel proteins should define how much of this immune network was present in the common ancestor of vertebrates and invertebrates. Because of the remarkable conservation in the framework of the immune system between mammals and insects, characterization of Rel targets in Drosophila, which has only three Rel genes and can be easily manipulated genetically, could guide future experiments in mammals.
Materials and Methods
Drosophila stocks
Dif dl double mutants were transheterozygotes for two overlapping deficiencies Df(2L)J4 and Df(2L)TW119, as described previously (Matova and Anderson, 2006 (Betz et al., 2008) and th j5c8 allele were provided by Hermann Steller (Rockefeller University, New York, NY). UASp-dl and UAS-Dif have been described previously (Matova and Anderson, 2006) .
We determined the expression pattern of the Gal4 lines by crossing to stocks carrying UAS-GFP. Pxn-Gal4 drove expression in approximately 70% of the blood cells, lymph glands (first pair), in a part of the proventriculus, and in a subset of brain cells. Lsp2-Gal4 drove expression exclusively in fat body cells (Cherbas et al., 2003) (and our data). He-Gal4 drove expression in blood cells, lymph glands (a few cells), midgut, salivary glands (Zettervall et al., 2004 ) (and our data). e13C-Gal4 drove expression in the epidermis, pharynx, salivary glands, ventral nerve cord, brain and Malpighian tubules.
Tissue-specific expression of Dif and dl
Dif dl double mutants were obtained from the cross between Df(2L)J4/T(2;3)CyO;TM6B and Df(2L)TW119/T(2;3)CyO;TM6B. Double mutants were identified by the absence of the Tubby marker carried by the CyO;TM6B translocation. The CyO;TM6B balancer translocation was also used to identify Dif dl larvae that expressed Dif or dl in a tissue-specific manner. In these rescue experiments, the UASp-dl transgene was recombined onto the Df(2L)J4 chromosome or a third chromosome insertion of UAS-Dif line was used. All Gal4 lines used in the experiments mapped to the third chromosome. Dif dl larvae that carried both the UAS and Gal4 transgenes were the non-Tubby larvae from crosses from two doubly balanced lines: e.g. Df(2L)J4 UASp-dl/T(2;3)CyO;TM6B ϫ Df(2L)TW119; e13C-Gal4/T(2;3)CyO;TM6B.
For each genotype, hemolymph from three to eight non-Tubby larvae was analyzed. Expression of UAS-Dif with the e13C-Gal4 caused lethality in both the wild-type and Dif dl mutant backgrounds. Because of that, the effect of Dif expression in the epidermis of Dif dl mutants could not be assayed.
Immunocytochemistry and microscopy
Blood cells samples were collected, stained and imaged as described previously (Matova and Anderson, 2006) . Hemocyte counts, infection and TUNEL were performed as described previously (Matova and Anderson, 2006) . Staining for -Gal was performed with a rabbit antibody from Cappel, which was used at a dilution of 1:2200. DIAP1 stainings were performed either with the rabbit anti-DIAP1 serum (diluted at 1:2000) or with the affinity-purified DIAP1 antibody (diluted at 1:300). Both preparations produced similar results. The stainings with -Gal and DIAP1 antibody were performed in animals reared on apple-juice agar plates, which had a lower level of hemolymph infection than the animals grown on standard cornmealmolasses-yeast medium.
The epidermis of Dif dl mutants and Dif dl/++ siblings expressing GFP::actin under the control of e13C-Gal4 was dissected and fixed for 20 minutes in 4% paraformaldehyde. The epidermal samples were subsequently washed in PBT and stained with DAPI (4 mg/ml) for 2 hours at room temperature. Samples were washed again and mounted in Vectashield (Vector laboratories) for examination. Images of the epidermis were acquired with an inverted Leica TCS SP2 confocal microscope using a 20ϫ 0.7 NA lens.
Analysis of Def expression
Infected wild-type animals were obtained by injecting third-instar larvae with E. coli DH5. These larvae were homogenized 2 hours later and RNA was prepared using RNA . For all other genotypes, uninfected third instar larvae were homogenized and RNA was prepared using RNA STAT-60. Q-PCR was performed with pre-designed TaqMan Gene expression assays for Def (Dm01818074_s1) and Ribosomal protein L32 (Dm02151827_s1) as described previously (Matova and Anderson, 2006) . Fold changes reported are the average value of triplicate experiments.
Quantification of diap1 expression levels
The levels of diap1 transcription were determined by crossing the diap1 enhancer trap, th j5c8 P{lacZ}, into wild-type and Dif dl animals. Hemocytes were stained with -Gal antibody and DAPI. Fluorescence images were captured with a Zeiss Axiovert 200M microscope equipped with a CoolSNAP HQ CCD (Roper Scientific Photometrics) and the MetaMorph software (Universal Imaging Corporation). All hemocyte nuclei were identified by DAPI staining. Fluorescence intensity of nuclear -Gal was measured in arbitrary units in 50 individual nuclei using the ImageJ 1.410 software package (Particle analysis plug-in).
Statistical analysis
Hemocyte numbers in Table 1 were compared using unpaired two-tailed Student's t-test. When compared with Dif dl larvae, hemocyte numbers were significantly higher in Dif dl mutants that expressed UASp-dl with Pxn-Gal4, UAS-Dif with Pxn-Gal4, UASp-dl with Lsp2-Gal4, UAS-Dif with Lsp2-Gal4 or UAS-diap1 with He-Gal4 P<0.05) .
When compared with Dif dl larvae, hemocyte numbers were not significantly higher in Dif dl mutants that expressed UASp-dl with e13C-Gal4, UAS-Def with Lsp2-Gal4, UAS-Def with He-Gal4 or UAS-diap1 with Lsp2-Gal4 (Student's t-test, P>0.05) .
Percentages of TUNEL-positive hemocytes in different genetic backgrounds were compared using a Chi-square test in supplementary material Table S1 . Chi-square test was also used to compare animals with epidermal lesions versus animals without lesions in supplementary material Table S2 .
